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Analysis of the Current Distribution in the ITER
CS-Insert Model Coil Conductor by Self Field
Measurements
A. Nijhuis, Yu. A. Ilyin, and H. H. J. ten Kate
Abstract—Non-uniformities in the paths of the currents in
a Cable-In-Conduit Conductor (CICC), resistive or inductive,
will result into an unbalanced current distribution. The current
nonuniformity may affect the performance of a magnet system
and it is therefore essential to evaluate this phenomenon. The
current distribution in the Central Solenoid Insert Coil (CSIC)
from the Central Solenoid Model Coil (CSMC) experiment is
reconstructed from the four Hall-sensor voltages at the top and
bottom joint of the CSIC. Four Hall sensors are used, near both
joints at the extremities of the cable, to measure the self-field of
the conductor. The inverse identification problem is solved in
order to find the currents that match as close as possible to the set
of measured data. Solutions are found for the current amplitudes
in the six petals of the cable from the set of measurements of the
tangential field component. Differences in the petal currents are
found which rate up to a factor of two.
Index Terms—Cable-In-Conduit-Conductors, current distribu-
tion, Hall sensors.
I. INTRODUCTION
THE MAIN CICC of the CSIC consists out of 1152 Nb Snstrands cabled in five stages. The last cabling stage (192
strands petal) is wrapped with Inconel tape [1]. The final twist
pitch is 0.4 m and the void fraction amounts to 36%. The CSIC
is configured as a single layer solenoid inside the bore of the
CSMC. The operating current is 45 kA in a total transversal field
of 13 T. The cable bundle is surrounded by an Incoloy jacket
with a round inner cross section and square from the outside. At
both extremities of the CSIC, just before the joints, 4 Hall sen-
sors were placed in the middle of each four sides of the square
jacket of the conductor. The geometry of the cable and sensors
is taken as follows. The inner diameter of the cable (outer di-
ameter of the cooling channel) amounts to 12 mm and the outer
cable diameter is 38.5 mm. The distance between the center of
the conductor and the heart of a Hall sensor is 42.3 mm [2]. The
plane of the sensors is oriented in such a way that the tangential
component of the cable self field is measured with maximum
sensor signal.
Non-uniformities in the paths of the currents in a cable, resis-
tive or inductive, will result into an unbalanced current distribu-
tion depending on the relative differences in inductance and re-
sistance of the current paths. An experimental run, with initially
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Fig. 1. The Hall sensor signals versus the temperature at the bottom joint after
compensation for parasitic fields.
Fig. 2. The Hall sensor signals versus the time at the bottom joint after
compensation for parasitic fields.
a long current plateau time and consecutively slow temperature
ramping ( measurement) is selected for the analysis.
II. EXPERIMENTAL RESULTS ON THE CSIC
The experimental data are obtained from the CSMC and
CSIC database provided by the JCT and JEARI. The Hall
sensor signals from the bottom joint, which are obtained during
a measurement (run #149) with 40 kA and 13 T, are shown
in Fig. 1 (versus temperature) and Fig. 2 (versus time). The
data for the top joint from the same run are displayed in
Figs. 3 and 4. The shape of the self-field curves, clearly point
out a redistribution of current in the cross section of the cable.
In the figures below displaying the Hall sensor signals, it is
assumed that the current is distributed homogeneously at the
1051-8223/02$17.00 © 2002 IEEE
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Fig. 3. The Hall sensor signals versus the temperature at the top joint after
compensation for parasitic fields.
Fig. 4. The Hall sensor signals versus the time at the top joint after
compensation for parasitic fields.
beginning of the measurement with constant transport current,
shortly after the initial current ramp. The average DC level
of the Hall sensor voltage at the beginning of the data file,
for a time interval of 30 seconds, is subtracted from all data
of the entire file obtained by that particular sensor. Hence,
the signals are compensated for the background field of the
CSMC main coil, the field from the CSIC, the self-field of
the CSIC conductor and the sensor off-set voltage. The Hall
sensor coefficients have been evaluated from comparisons
between several experimental runs and the results are gathered
in Table I. The difference of the results for a specific sensor
found between the considered experimental runs is less than
3%. The value of the sensor coefficient corresponds nicely with
the one found in the cable self-field calculations.
Unfortunately not the entire experimental run is recorded in
a file by the data acquisition system and the initial part of the
ramp-up is missing. In essence the start of the measurement
is important to record. It is credible that after a relatively fast
, the current distributes practically homogeneously in the
conductor. During fast ramping the distribution mainly depends
on the inductive properties of the current paths and these may
probably result into a relatively balanced current. However, this
part of the experiment is missing in the data file and so we
simply assume current homogeneity at the beginning of the data
file.
In the numerical simulations with the CUDI_CICC codes de-
veloped in Twente, it appears that when reaching higher voltages
on the cable, the current distribution becomes homogeneous in
the high field region while near the joint a nonuniform distribu-
tion is still sustained [3]. This is in agreement with the evolution
of the Hall sensor signals. After the start of the measurement,
when the signals are assumed to be equal, the Hall-signals di-
verge slowly with a large diffusion time (thousands of seconds)
[4]. It is not clear if this diffusion and current redistribution is
interrupted by the increase of the temperature or due to really
reaching the final distribution. Therefore the chosen time in-
terval before temperature rise is probably too short. As a result
the final (most severe nonuniform) current distribution is not
known and this must be kept in mind during further analyses.
However, after reaching a temperature of roughly 6.5 K the dif-
fusion process is reversed into the opposite direction of a more
balanced current distribution. From these signals the current bal-
ance can be estimated with the help of the two methods ex-
plained in the next section.
III. ANALYSES
A. Four Segments Approach
Initially, the cable is divided into four segments each with
a homogeneous current density and each segment is corre-
sponding to one of the Hall sensors (see Fig. 5). Then, using
the experimental data of the magnetic field magnitudes from
the four Hall sensors at the instant with maximum unbalance,
the corresponding currents in each of the four segments can
be calculated. The corresponding system of equations can be
written in matrix form as:
(1)
In this system, ( ) is the vector of known exper-
imental data (magnetic fields and total current magnitudes),
is the vector of unknown current amplitudes.
The function is given by expression:
(2)
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TABLE I
HALL SENSOR COEFFICIENTS OF THE HALL SENSOR FROM THE BOTTOM AND TOP JOINT LOCATIONS OF THE CSIC
Fig. 5. Mutual positions of the conductor, Hall sensors and four imaginary
segments inside the conductor, chosen for calculation of the currents I –I .
Here is the distance from the center of the conductor to a
Hall sensor, and are the inner and outer radii of the con-
ductor correspondingly, is the cross section area of a con-
ductor (six times the area of a petal), is the angle between the
Hall sensors array and petals array, and are the variables
of integration, and is the angle determining the position of a
segment in relation to a chosen Hall sensor.
The system of (1) is over-determined because the number of
rows in the left matrix exceeds the number of columns. For this
reason, the Singular Values Decomposition (SVD) technique
was applied to solve the system [5]–[7].
The results for the bottom and top joint arrangement are listed
in Table II. The most severe current unbalance is found for the
bottom joint.
B. Six Petals Approach
Here a method is proposed to reconstruct the current ampli-
tudes in the six petals of the cable from the set of measurements
of the tangential field component. Therefore an inverse identifi-
cation problem must be solved in order to find the currents that
match as close as possible to the set of measured data.
The magnitude of the total current in the conductor is known.
In the model it is assumed that the cable consists out of six
straight (nontwisted) petals with a segment shape cross section
as shown in Fig. 6 and that current density over the cross section
of a petal is uniform. Assuming linear material properties with
Fig. 6. Mutual positions of the conductor, Hall sensors and six petals inside
the conductor.
magnetic field, the corresponding system of the equations can
be written in a matrix form as follows:
(3)
where is the vector of the known experimental data (four mag-
nitudes of the magnetic field and the transport current in the con-
ductor), is the unknown vector of the current amplitudes and
is the matrix relating the currents to the measurements. Matrix
depends only on the geometry of the sources to be identified
and on the location and orientation of the Hall sensors. For the
case shown in Fig. 6, matrix has a form, as shown in the ma-
trix at the bottom of the next page, where the function
Here is the distance from the center of the conductor to a
Hall sensor, and are the inner and outer radii of the con-
ductor correspondingly, is the cross sectional area of the con-
ductor (six times the area of a petal), is the angle between the
Hall sensors array and petals array, and are the variables of
integration.
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TABLE II
QUARTER SEGMENT CURRENTS CORRESPONDING TO THE HALL SENSOR SIGNALS FROM BOTTOM AND TOP JOINT LOCATIONS OF CSIC (RUN #149)
Fig. 7. The petal currents reconstructed from the Hall-sensor signals at the
bottom joint of the CS-Insert. The cable 6-petal arrangement is rotated along 60
degrees with respect to the Hall sensor array.
Generally speaking, to solve the system (3) for each particular
angle means to solve the linear least-squares problem, in other
words to find such a vector in such a way that the Euclidean
norm is minimized:
(4)
Because in the matrix the number of rows is less then
number of columns, the system (3) is under-determined and
there are many vectors that minimize (4) and so no unique
solution exists. In this case it is often useful to find the unique
solution that minimizes both the Euclidean norm and
(4). Then, the problem is referred to as finding a minimum
norm least squares solution. The solution to this problem can
be written in the form [8]:
(5)
Fig. 8. The petal currents reconstructed from the Hall-sensor signals at the top
joint of the CS-Insert. The cable 6-petal arrangement is rotated along 60 degrees
with respect to the Hall sensor array.
The matrix is ill-conditioned, therefore the regular-
ization procedure was applied by utilizing the Truncated Sin-
gular Values Decomposition (TSVD) technique [6], [7].
Finally, using the experimental data of the magnetic field
magnitudes from the four Hall sensors at the instant with max-
imum unbalance, the corresponding currents in each of the six
petals were calculated. The solutions of (3) for six currents are
shown in Figs. 7 and 8. From the physical point of view this
method of solving the equations leads to a solution, which is
the “less extreme.” It means that currents are found which are as
close as possible to the average current per petal (which is equal
to the total transport current divided by six) but at the same time
the measured distribution of the magnetic field must be satis-
fied.
As the orientation of the petals in the cable at the position of
the Hall sensors is unknown we have to consider every angle of
NIJHUIS et al.: CURRENT DISTRIBUTION IN THE ITER CS-INSERT MODEL COIL CONDUCTOR 1679
the six-petal arrangement. Hence, for each angle of the six-
petal arrangement the currents in every petal can be calculated
obeying the specific current distribution determined for the four-
segment array.
The solution for the bottom joint is shown in Fig. 7 and for
the top joint in Fig. 8. The cable is rotated along 60 degrees with
respect to the Hall sensor array. There is a periodicity in the so-
lutions for 60 degrees. The maximum current unbalance in the
petals is between 5.1 and 8.6 kA and the minimum unbalance
is between 5.4 and 8.1 kA. The petal current amounts to 6.7 kA
when homogeneously distributed, so the maximum deviation is
30%. In order to compare the results of the four and six segments
models, the currents in four segments (as shown in Fig. 5) were
calculated from the results of six currents for several angles .
The discrepancy between the results of straightforward calcula-
tions (in Section III-A) and from the six currents model is within
5%.
IV. CONCLUSIONS
The current distribution interpreted as differences in the petal
currents are determined and rate up to a factor of two.
The diffusion time is high and it takes a time interval of more
than 3000 seconds to reach this nonuniform distribution.
For current distribution analyses by self-field measurements
with a reasonable accuracy it is required to have more sensors
(at least an annular array of six) around the conductor otherwise
the problem is underdetermined and if possible the orientation
of the petals with respect to the sensors.
Different current ramp speeds would indicate the level of the
current distribution due to inductive properties of the conductor
and should therefore be recorded.
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